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Introduction
Measuring and managing the "greenhouse gas (GHG) footprint" (or in the following, "carbon footprint") of air travel involving individual passengers poses challenges at several levels. A major policy challenge arises in the international arena, since emissions from international travel for the most part do not physically take place in any one given country. While various allocation methods to national emissions volumes could in principle be employed, all are in the end ad hoc.
2 Another, related, policy issue is the very mobility of the aviation sector. Any attempt by a particular country to tax fuel used in international aviation which is not matched by similar taxes or charges in other countries could face problems, inducing tax avoidance as airlines may seek to tank up in lower-tax jurisdictions. In practice, moreover, international treaties constrain countries in applying carbon prices or physical emissions quotas to international aviation, though the need for changing this restriction has been the subject of some debate.
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Problems of measuring the carbon footprint of aviation arise from several factors, among which we here focus on two. 4 The first is the multiplicity of GHGs resulting from airplane emissions, and the difficulty of actually computing the global warming (or "climate forcing") potential of GHG emissions in the upper troposphere and lower stratosphere (at altitudes of about 9-12 kms, relevant for most sub-sonic air transport). These factors include high-level water vapor release, and catalytic interactions with other GHGs such as ozone and methane. This has resulted in great uncertainty, and controversy, over the total climate forcing effect of aviation activity, which is not yet resolved. A seminal report by the IPCC (1999) raised the issue; for more recent scientific work see Jardine Further discussion is found in Keen and Strand (2007) . A widely accepted "radiative forcing index" (RFI; by which regular carbon emissions must be multiplied to arrive at a correct "climate imprint") is 2.7, but with a high range of uncertainty. 5 Several factors are at work, some of which imply positive and others 2 For example, the emissions could be associated with the nationality of the air carrier, or the nationality of the traveler. Other options could be, for an international flight from country A to country B, to ascribe the entire resulting emissions either to country A or to country B; or perhaps better, ascribe half of the emissions to country A, and half to country B. The first of these alternatives would not, in today's climate policy situation, effectively account for travelers from non-Annex B countries, or air carriers headquartered there. Under the second set of options, a similar problem would arise with flight departure sites and/or destinations being in non-Annex B countries. 3 For further discussion see Keen and Strand (2007) ; and Keen, Parry and Strand (2012). 4 The notion of carbon footprint is here taken to comprise the overall climate impact, or footprint, of aviation, due to increased net emissions also for several other climate gases including nitrogen oxides, ozone, methane, and water vapor; as well as non-conventional effects of carbon emissions such as those accruing specifically with aviation, at high altitudes. See IPCC (1999) for a more detailed discussion of relevant climate gases and their expected impacts. 5 In particular, Jardine (2005) cites a radiative forcing index (RFI), relative to that of CO 2 alone, of 2-4 as "reasonable", but settles on a (conservative) consensus factor of 1.9. World Bank (2010, p 17) states: "Both the WRI and the EPA are reviewing this issue and may decide to integrate RFI into air travel emissions calculations. If international consensus is reached on the appropriate application of RFI, the WBG will revisit this issue." Note however that caution must be shown in embedding an RFI in such calculations. No technically complete, formal, analysis seems to yet exist in the literature dealing with the issue. It is, in particular, conceivable that the true RFI is negative climate forcing effects of aircraft emissions. See Box 1 below for an overview. The scientific calculation of net radiative forcing is quite complex and no consensus exists on the overall net effect. One problem is that while the climate effect of carbon is moderate but very long-lasting, several other effects (in Box 1) are much more potent but shorter-lasting.
Box 1: Principal factors Behind (Positive or Negative) Radiative Climate Forcing (RF) Effects of Aircraft Emissions
Emissions of CO 2 , resulting in direct positive RF.
Emissions of NO x result in the formation of tropospheric O 3 , with positive RF.
Emissions of NO x result in the destruction of ambient CH 4 via atmospheric chemistry, with negative RF.
Emissions of sulphate particles arising from sulphur in the fuel result in direct negative RF.
Emissions of soot particles result in direct positive RF.
Emissions of water vapour may cause a small direct positive RF.
Persistent linear contrails may form, resulting on net in positive RF.
Formation of cirrus clouds from spreading contrails result in a net positive RF.
Particles emitted from aircraft engines may act as cloud condensation nuclei and seed cirrus cloud formation, affecting magnitude of ice particles, and the albedo and emissivity of cirrus clouds. The net RF effect is uncertain.
Source: Lee (2009).
The other main uncertainty lies in calculating the actual average GHG emissions per traveled distance -which is key to measuring the footprint of a specific air travel profile. This depends on a wide set of parameters which include a) class of travel (since business and first class seats displaces proportionately more economy seats for the same total aircraft space capacity), b) load factors (the degrees of capacity utilization of given aircraft and flights; which differ by class), c) weight factors (as aircraft fuel consumption ultimately depends on aircraft weight), and d) other flight-specific factors (such as flight length and average altitude). Current standard methods for calculating air travel footprints do not reflect the larger footprint attributable to premium travel (through different load factors and weight factors).
very close to unity due to all other significant forcing factors being much more short-lived. The forcing factor could also, in fact, in principle be less than unity (so that some of the basic carbon effect is in fact eliminated at high altitude).
We illustrate our approach by applying it to World Bank staff travel for missions by HQ and Country Office staff, in Calendar Year 2009 (CY-09), and again in Fiscal Year 2012 (FY-12). The carbon footprint of air travel is more than half of the organization's total carbon footprint. Moreover, a large share of WBG staff air travel (close to 70%) is on premium classes, which affects the calculations for reasons noted in the previous paragraph. 6 To conclude the paper, we comment briefly on some analytical and conceptual issues that can be raised concerning corporate responsibility in correcting global and local externalities. The international literature on this topic is still small, however, and its findings are ambiguous.
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Sources of Bias in Calculating Organizational Carbon Footprints from Air Travel Using Current Methodologies
The typical methodology applied (based on standard accepted GHG accounting, e g Bhatia et al (2004) ; see also World Bank (2010)) is to calculate an average consumption of jet fuel per passenger mile traveled by air, and multiply this figure by the number of passenger miles traveled on missions by an organization's staff in a given year. 8 The climate-related footprint of burnt jet fuel is taken to be simply the carbon released when this fuel is consumed.
Four main issues arise:
1) The carbon footprint of air travel tends to vary systematically and strongly between travel classes (economy, business and first class; perhaps also according to other class categories when these can be specified). An analytical model, presented in section 3 below, will serve as a backdrop for understanding this relationship. We will subsequently present data which, when applying our model, indicate that the average carbon footprint is much higher for business class travel than for economy class travel; and even higher for first class travel. The main reason why the footprint per traveler per distance travelled is greater for business/first class than for economy class, is that a seat in the two former classes takes up a larger than average floor space in a given airplane. This difference can be enhanced by differences in "load factors" (the rate at which available seats are actually occupied on a given flight), which also tend to be lower on average in business class than in economy class, and even lower in first class. The compounding effect of these two factors (the greater floor space per seat and the fewer among available seats that are filled) is that the average number of passengers transported per unit of floor space is far smaller for a plane's business and first class sections. The second main factor is that fuel consumption of commercial airplanes depends only to a small degree on the number of 6 This is similar to other comparable institutions such as the UN, the IADB and the ADB; but lower than for the IMF where the premium-class share is close to 100%. 7 passengers carried on any given flight; passenger weight including luggage comprises in most cases only between 1/5 and 1/8 of total aircraft weight. To the extent that passengerrelated weight is important, this weight is also likely higher in premium classes as seats in these classes are far heavier than economy-class seats. In consequence, we demonstrate, using our analytical model developed in Section 3 below, that the carbon footprint ascribed to a business/first class passenger ought to be greater than for an economy class passenger.
2) For organizations whose travel mix differs significantly from the industry average, differences in footprint across travel classes matter for calculating the overall footprint. 9 For air travel involving institutions where the average mix of economy-class and business-class travel is involved is close to the global average for all civil air passenger transport, the differences in footprint according to travel class are not crucial for calculating the institution's overall carbon footprint. For the staff of the WBG, on the other hand, the share of overall air travel in business or first class is much higher than the global average.
3) The footprint per mile for mission air travel is likely to vary systematically also with other flight-specific factors such as average flight length, types of airplanes used, etc. A more precisely calculated footprint related to a given flight activity (involving particular air routes, airlines and equipment) may raise the need for such more specific effects to be calculated separately. WBG mission travel consists predominantly of longer-haul flights.
There are also significant differences in per-passenger fuel consumption between plane types and models (for given load factors; where the load factor expresses the percent of available seats that are filled on any given flight). 10 Institutions such as the WBG concentrate their activity to particular airlines that rely on particular plane types and model (and thus not a random selection from the global vehicle fleet), where also average load factors may differ from overall global averages. A more accurate calculation of each institution's footprint then requires that these numbers be calculated separately, for the actual air travel by the institution in a given year.
4)
As we have already stressed, the climate forcing effect of emissions from airplanes is likely to differ from that resulting from ground-released carbon emissions due to the altitude at which they are released and to the fact that several types of emissions in addition to carbon are involved. Including such factors is still not standard in carbon footprint accounting, and the factor is at the moment very uncertain. We do not further pursue this issue in this paper, however.
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The first two factors are significant and are together likely to increase the calculated footprint relative to currently accepted calculation principles. The fourth factor is likely to further add to such an increase. The third factor, while less significant, could affect relative footprints between different flight lengths and aircraft types given that these distributions vary substantially (across institutions and individuals within institutions). Our calculations reflect some of these concerns, by in particular building on results about the relationship between average aircraft fuel consumption and flight distance, which has a non-linear (u-formed) shape; see Appendix 3.
3. Simple Analytical Model Justifying Differential, Class-Specific, Passenger Carbon Footprints from Air Travel
We will in this section discuss more carefully the relationships between passengers in different travel classes, and their average "carbon footprints". To that end we study a simple analytical model, where two factors are argued to be relevant in calculating such footprints: First, the classspecific seating arrangements which (together with average class-specific load factors) will determine the average space taken up by passengers in the aircraft by class. Secondly, passenger weight (including luggage). We consider a very simple long-run partial equilibrium model of the global aviation market where travelers choose between two travel classes, "economy" (class e) and "business" (class b), and where each business seat takes up s > 1 times as much space in the aircraft as an economy seat (assuming identical aircraft). For the sake of simplifying the argument, we assume in this section that all flights are always full. 11 Airlines can and do choose how many economy and business seats to put into any given aircraft; and they also choose the spacing arrangements (although we here, for the sake of simplicity, take the relative spacing parameter s as given). We also assume, for the sake of the current argument, that all passengers have the same weight, and that aircraft fuel consumption depends on total weight of the aircraft but where passengers only constitute a (rather small) fraction, α < 1), of total weight.
Define the floor space available to passengers in any given aircraft as constant and denoted by F, and define F i as space allocated to passengers in class i (= e, b). N is the total number of passengers per flight, where N i denotes passengers flying in class i. We normalize by setting the amount of floor space for an economy-class passenger at unity. Then the amount of floor space allocated to a business-class passenger equals s > 1.
We have the accounting relation:
(1)
7 Thus in particular:
Assume that fuel consumption of an aircraft (per unit of flying time which is considered fixed) equals
where W 0 is a constant, N = N e +N b is the total number of passengers per flight, and where weight is scaled such that an average passenger (including normal luggage) has a unit weight. We will assume that N is a relatively small fraction α of W; indicating that total aircraft weight is determined mostly by other components such as the body of the aircraft and its carried fuel.
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Consider now a competitive equilibrium with identical, competitive airlines that offer an endogenous number of economy and business-class seats in their aircraft. The profit per flight unit is given by In (4), p i is the ticket price for passenger type i (=e, b). The two first terms thus represent airline revenue and the last two terms represent costs, all per flight unit. C is a fixed non-fuel cost per flight (so that "other fixed costs" per flight are independent of the number of passengers). 13 q is a basic fuel price, while t is a unit tax or charge on fuel (presumably, to correct for the carbon footprint of the flight). For airlines with any given number of aircraft, the principal resource constraint is floor space for passenger seats in their aircraft. Thus profits are maximized taking this constraint into consideration. This leads to the following Lagrange problem:
recognizing that each business-class passenger occupies s > 1 units of floor space in the aircraft, while each economy-class passenger only occupies one unit. Maximizing (5) with respect to N e and N b yields
We find the following relationship between the two ticket prices, p e and p b :
We now introduce a measure of passenger weight as fraction of total aircraft weight; this is an important measure in determining how the carbon footprint of passengers depends on passenger weight. When not correcting for this factor, there will be a certain relative over-allocation of carbon emissions units to business-class passengers, and under-allocation to coach-class passengers. In (3), assume that we have approximately
where α and 1-α are total aircraft passenger and non-passenger weight shares, and where we now take both W and α as fixed. This can hold only approximately as the total number of passengers, N, is to some degree variable as it depends on the passenger shares in economy and business classes), but is a good approximation as long as the weight share of passengers is low, and the fractions of economy-and business-class passengers not relatively stable. The overall passenger weight share in total aircraft weight, while depending in aircraft type and whether or not fuel tanks are filled up, is relatively small in most cases (e g around 12% for a fully-fueled Boeing 747). 14 We now consider long-run industry equilibrium in the aviation sector, given zero profits and endogenous seating arrangements by travel class, and where overall passenger capacity of airlines is endogenous. In the long run, competitive airlines will add capacity as long as profits per flight are positive, and reduce capacity when profits per flight are negative; and will do so for each of the two travel classes. In a long-run steady state, profits are zero, in total and related to passengers on each of the two travel classes. We represent this by setting Π = 0 in (4), and let this relationship, together with (2), (6) and (7), determine the endogenous variables p e , p b , λ, and one relationship between N e and N b .
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Consider now, in (4), total aircraft weight W as (approximately) constant (and independent of the passenger number), and insert from (8) (with П = 0) into (4), to yield
Under our assumptions, (10) can be viewed as one relation in one endogenous variable, namely p e . Using N e = βN, and N b = (1-β)N, and set c = C/N, w = W/N, where c and w are interpreted as non-fuel costs per passenger, and total aircraft weight per passenger. We then find the solutions for p e and p b , from (10) and (8) 
We may now also consider the impact of changes in (climate-related) aviation fuel charges on class-related ticket prices. We find readily from (11)- (12): (11) (1 )( 1) (1 ) e dp w s dt s
When total unit aircraft weight, w, is very high as compared to unit passenger weight, we find that the ratio of the second to the first of these derivatives equals s in the limit; otherwise the ratio is smaller. To get a feel for a "normal" size of this ratio (call it r) for limited values of w, consider four numerical examples presented in Table 3 .1: namely s=2, and s=3 (business-class passengers occupy 2 or 3 times the space of economy-class passengers on average); and w=8, and w=5 (passenger weight constitutes either 1/8, or 1/5, of total aircraft weight). 17 In the case of w=8, r = 1.86 for s=2, and r = 2.71 for s=3. In the case of w=5, we find r = 1.78 for s=2, and r = 2.53 for s=3. The numbers in the first four columns here indicate the absolute footprints of passengers on each of the classes, in relation to the average footprint per passenger on a given flight. The numbers in the last two columns indicate the ratios of the respective business-to economy-class footprints.
These "relative footprint" values are somewhat lower than their respective s values (as result of the weighting of the space and weight factors related to individual travelers, with relatively more weight to the former factor), but not dramatically lower. Another finding is that the footprint of economy-class passengers needs to be lower, and for business-class passengers higher, than the overall average footprint per traveler. This is also seen from the table; albeit the reduction (below unity) is small for economy-class (since this class constitutes a very large fraction of overall air travel in terms of traveled distance).
Our argument that weight-related arguments should make average footprint numbers less variable across travel classes, depends on passenger weight (including all weight factors that depend on individual passengers such as their luggage, and their seat) being independent of travel class on average. This is likely not the case. First, seats are heavier in premium classes, more so in first class than in business class. Secondly, passengers in premium classes are allowed to carry more luggage and may thus do so (although we do not have data for the average weight of passenger luggage by class). Thus, most likely, the impact of this factor will in practice be smaller than the numbers reflected in our calculations in this chapter. Put otherwise, the correct relative footprint numbers are closer to being proportional to space allocation, than those shown in Table 3 .1.
Calculations of Relative Space Requirements by Travel Class

Step 1: Relative Seat Configurations
We will now go to the more practical footprint calculations, in part with basis in data for WBG travel in Calendar Year 2009 (CY-09). In calculating the carbon footprint from a given amount of air travel one first needs to find the class-specific per-passenger footprint. As noted, seat configurations in airplanes differ between travel classes, with premium-class seats occupying a larger space in a given plane than seats in coach class. Fewer passengers can then fit into a given space in first and business classes than in economy class. It is also crucial to recognize that these seat configurations are endogenous: they are chosen by airlines to maximize profits, and such a procedure implies that more space is generally is given in any aircraft to premium-class passengers. Seats could be spaced differently; as increased premium class passengers are accommodated, coach-class passengers are crowded out more than one-to-one. In addition, load factors are generally lower on first and business classes than on economy class.
The model in section 3 showed that when space and not weight considerations for passengers is the main constraining variable for airlines (so that passenger weight plays a very small role), the correct class-specific carbon footprint is (close to) proportional to the average space taken up by passengers traveling on different classes. When by contrast weight considerations play a larger role, this indicates a more equal footprint across travel classes. Systematic differences in footprints by travel class are today being recognized but treated imprecisely. For example, the standard "ICAO calculator" uses a 2.0 multiplier for passengers in any service class above coach class.
18 Table 4 .1 gives numbers for the average space in aircraft taken up by seats in alternative travel classes, separating between single-aisle and wide-body aircraft. We here find significant and systematic differences in seat size by class and aircraft size. The difference in floor space occupied by premium versus coach seats is much greater for wide-body than for single-aisle aircraft. Wide-body planes are used predominantly for long-haul flights where extra space in premium classes has a higher value for passengers (and greater potential for profit extraction through higher fares), compared to shorter-haul flights.
When comparing business-class to coach-class seating, the standard ICAO 2.0 factor appears as reasonably accurate (our average ratios are 1.89 for single-aisle aircraft, and 2.28 for wide-body planes), given no additional adjustments for differential load factors nor for the weight factor in calculating the footprints, as seen from Table 4 .1. The standard factor is more off with respect to first class flights, where the average single-aisle space ratio (relative to coach class) is 2.92, and the average wide-body ratio is 4.53. Ignoring in the following the distinction between economy and "economy plus" (or "economy extra") classes, we calculate, in Table 4 .2, the fractions of floor space taken up by the respective classes, in wide-body and single-aisle aircraft. Interestingly, for wide-body aircraft the share of passenger floor space taken up by premium classes is about 30 percent; while the share of passengers traveling in premium classes does not much exceed 10 percent. 
Step 2: Load Factors by Travel Class
In step 2 of our carbon footprint calculations we expand our calculations by differentiating load factors by route groups, and to reflect passenger aircraft capacity reserved for cargo. Table 4 .4 shows average load factors for 2008 for the 17 route groups defined by the ICAO (see Appendix 2 below). We see that load factors vary widely, but they vary less and are generally higher for more traveled routes. The globally average load factor for flights involving WBG travel was about 71 percent in 2008, the year of the ICAO study.
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Reliable numbers seem today not to be publicly available for load factors differentiated by travel class, neither industry-wide nor by airline. It is however widely recognized and assumed that average load factors for premium classes are lower than for coach class. For business class, a "likely" figure is in the range 0.5-0.6, and for first class perhaps even lower, 0.3-0.4. Since we here do not have definite data on these, we apply alternative assumptions about average load factors by travel class, in the third calculation phase. These calculations confirm that, in particular, business and first class load factors are likely to have a very significant overall impact on footprints due to air travel by WBG staff, given the high share of travel on these classes. Table 4 .4 provides approximate numbers for average load factors by travel route, across all travel classes. We see that these vary, from a low of about 40% to a high of more than 80%. These data however do not tell us the class-specific load factors, for which we have no direct data and which for us are more important. Assuming an industry-wide average load factor of 71% for 2008, we can consider impacts of alternative assumptions about the combinations of load factors by class, as is done for the calculations in Table 4 .5. We there for each travel class indicate the "average footprint" factors for each of three average load factor assumptions: 0.3 ("very low"), 0.6 ("normal"), and 0.9 ("very high"). We consider the same average class-specific load factors for wide-body and single-aisle aircraft.
The figures in Table 4 .5 are notable in particular for first-class travel where the footprint (not corrected for passenger weight) could reach a multiple of 8.96 relative to the average (for widebody aircraft), far higher than for the other classes; although this number is likely an overestimate, since the corresponding average load factor of 0.3 for first class is likely an underestimate. Note however that previous estimates, and our knowledge of the aviation industry, imply that load factors are lower in premium classes (and lower in first than in business class). For business class, the average footprints in Table 4 .5 are close to the multiple of 2 currently applied with the ICAO calculator for premium classes, given an average load factor of 0.6 for this class, which is reasonable from past experience. The ICAO calculator today makes no downward adjustment (relative to the "average footprint") for economy class (represented here by these factors being less than unity). The relative factor ratios for business to economy class are thus somewhat greater here (3.04 and 2.51 respectively, instead of 2 as in the ICAO calculator). The average footprints for business and first class travel, relative to economy class travel, can easily be greater than the numbers in Table 4 .5. Table 4 .6 provides what we view as a plausible example, using the overall load factor estimate of 0.71, and with load factors of 0.4 for first, 0.6 for business and 0.8 for economy class 20 . The ratios of numbers from table 4.6 for wide-body aircraft, for example, show the footprint from business class passengers being 3.04 times that of economy passengers; the ratio for first class to economy class is 9.28. Note however that, as for previous calculations, these numbers are not corrected for passenger weight in calculating the footprint. Making such corrections would tend to draw relative footprints somewhat closer together; see Table 3 .1 above.
When making average carbon footprint calculations, flight distribution by flight length and aircraft type also matter. Fuel efficiency differs between aircraft, and has generally improved over time so that newer aircraft tend to have higher mileage than older ones.
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Our calculations also reflect systematic relationships between average flight distance and average fuel consumption per mile flown for given equipment and passenger number. When combined with differences in equipment used we show, in Figures A3.3 and A3.5 in Appendix 3, that fuel consumption tends to be a U-shaped function of average flight distance: Fuel consumption is very high for very short flights; reaches a bottom for medium-length flights (in the range 1000-1500 nm); and with a gradual rise in fuel consumption for longer flights. The reason for such a relationship is that, for very short flights, high fuel consumption during takeoff, and the greater proportion of the entire trip flown at low altitudes (when per-mile fuel consumption is much higher), pulls the average up. For flights longer than about 1500 nm, a factor increasing fuel consumption per distance traveled is the burden of a gradually larger stock of fuel necessary to be carried on the flight. For very long flights, this factor is quite significant. 21 One may question the rationale for including such measures in standard footprint calculations. An argument for doing so is that it can give incentives to book flights to a larger degree on efficient aircraft. If many organizations do so, it may give airlines additional incentives to phase out inefficient equipment. This may be a desirable incentive effect when airlines themselves do not face the full global cost of their own emissions. 22 For some aircraft, at least or more than half of the total maximal gross aircraft weight is the weight of fuel when tanks are filled up. In particular, the Boeing 747-8 has a maximal take-off weight of 450 tons, of which 230 tons are the fuel carried. This excess weight implies a large "drag" on fuel consumption when tanks need to be filled up from the start of the flight. 23 1,685 records representing rail travel found in the Amex data were excluded in the calculations, as well as some pertaining to 2010 travel.
Our data consist of primarily the date of the trip, the class of the trip (divided into coach, business, or first), the origin city, the destination city, and the number of flight miles. It is important to note the data do not consistently include the origin or destination airports (rather than cities), and also do not include aircraft types. Also, instant upgrades upon check-in are not reflected in the data.
A second data set was obtained from the World Bank's Diio's SRS database subscription, comprising most scheduled flights globally for CY-09, including the equipment code for each flight. The annual data has 2,122,509 records, reflecting some 26 million scheduled flights world-wide.
In order to obtain the equipment code for an AMEX-booked flight, the origins and destination cities needed to be mapped to their relative origin and destination airport codes, which would then allow mapping the scheduling data with the actual flights using the date, origin, destination, airport code, airline code, and flight number. About 30 cities in the AMEX data (out of 1,049) could not be matched with the SRS data. A total of 108,344 exact matches of flight records could be accomplished, representing 157,297 trips as the sample was prepared for Phase I. These flights were than matched with tables provided by ICAO mapping most of the flights to an aircraft code that had a total fuel consumption value for a given distance.
Features of HQ-Based Travel in CY-09
Three steps can be identified in the calculation of the carbon footprint of headquarters (HQ)-based WBG staff air travel for CY-09, as follows:
Step I: Calculations were first made using a random sample of the cabin class configurations of aircraft used for the relevant flights. By using detailed information from several websites where such data are available, a fairly accurate match between the flights and the configuration of the aircraft used by the specific airline was made. 24 Of 1,219 airline/aircraft combinations, 304 could be directly verified, covering 123,972 flights. Estimates were made by counting the number of seats occupied in the same sized space between classes, which meant that multiples based on economy seats could be established for business and first class seats, reflecting not only the dimensions of the seats themselves, but also isle width and row spacing. From the 304 verified configurations, assumptions were made regarding the remaining 915 airline/aircraft configurations, making a total of 157,297 flights usable for analysis. These were then matched with known fuel consumption factors with tables provided by the International Civil Aviation Organization (ICAO). In this phase of the calculations a single industry standard load factor of 71 percent (corresponding to the overall industry average for 2009) was applied for the carbon footprint calculations.
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Step II: ICAO's own carbon footprint calculator provides passenger to freight factors and actual, average, passenger load factors, by region pairs, for 2008. These factors are used in order to adjust down the share of an aircraft's fuel that is spent transporting passengers (as opposed to transporting freight). The calculations were refined to include these regional breakdowns. The load factors were applied evenly throughout all three classes of service. The sample size remains the same 157,297 flights as in Step I above. These represented a total passenger flight distance of roughly 341 million miles. Note that, in the first and second phases of the calculations, since these did not represent all HQ-booked air trips in that year, a factor of 1.31 was necessary for scaling up this number, to the set of total HQ-booked trips(as our sample represented about 76% of total flown distance on HQ-booked flights in that year).
Step III: Calculations under Steps I and II were based on an assumption that load factors are the same in all travel classes. More likely, as argued above, business and first classes have lower load factors than economy class. Since the even distribution of load factors could present an underestimating bias, calculations were made using alternative load factors by travel class, and a matrix developed showing this would affect the overall footprint. The economy class load factor was adjusted to make the overall aircraft load factor match that of the regional load factors applied in
Step II of the calculations. We unfortunately do not have direct observations of classspecific load factors (as such data are no longer reported by airlines, and are neither available from the ICAO); assumptions about these had to be made by us.
Since the airline/aircraft class configurations, extrapolated in Steps I and II above, could yield illogical or unreasonable results when applying this calculation methodology, only flights using verified configurations were used, reducing the sample size to 123,922 flights. This is thus a smaller subset of trips than those used under Steps I and II. The scaling-up factor, necessary to represent all HQ-booked air travel in CY-09, was correspondingly higher, 1.55. Table 5 .1 shows features of air trips booked through AMEX by HQ-based staff for CY-09 by travel class and average trip length, assuming that figures from our available sample can be scaled up proportionately for all these categories. We see that about 20% of trip length was traveled in coach class, 74% in business class, and 7% in first class. The relative frequency of first class travel in overall WBG travel was five times that for all air travelers (about 1.4 %). For business class, which represents only about 8.5 percent of global passenger kilometers, the WBG share is more than 8 times as high.
Total Footprint Calculation for HQ-Booked WBG Air Travel in CY-09
Our final step is to derive the overall carbon footprint of HQ-based WBG air travel for CY-09. Note that ICAO's method for calculating the footprint relies on (a) obtaining fuel consumption figures of the aircraft involved, (b) making adjustments for the overall distance traveled in the flight, (c) multiplying the fuel burnt by a factor of 3.157 (which is the number of tons of CO2 released when burning one ton of jet fuel), (d) applying the appropriate load factors (see table 5 above), and (e) assigning the seat portion of this footprint. Our calculated fuel consumption is based on 48 known and specified aircraft types. Other aircraft types, that have similar consumption patterns to specific known aircraft types, are assigned a related "equivalency" code, yielding a total set of 196 aircraft types to be included. 26 This means, for example, that a 737-300 or 737-500 will be treated identically to a 737-400. Trips are also placed in 16 distance classes ranging from 125 nautical miles to over 6,000 nautical miles, with (as noted above) consumption per distance reduced by trip length up to a limit, and increased beyond that limit.
The formula for computing the average carbon footprint related to air travel is then:
CO 2 per pax = 3.157 * (total fuel*pax-to-freight factor)/(number of y-seats*pax load factor).
In ICAO's emissions calculator, a multiplier of 2 is added at the end of the calculation for passengers in premium classes. In our calculations, the proportion of a class's contribution to the footprint was established earlier, and is also adjusted proportionally to the overall (and in Phase III, class-specific) load factor. The important distinction is that in simply using a class multiplier as in the current ICAO methodology, the calculation ignores the shift in load factors from one class to another, which alters each class's overall multiplier. In addition, though ICAO's average multiplier of 2 appears to be not very biased on the average, first class passengers should have a multiplier of around 4.5 or higher.
Applying a hybrid of the ICAO calculation combined with the parameters of the three phases, calculations for overall footprints for HQ-based travel were calculated, and presented in Table  5 .2. Since we as noted have no definitive data available on load factors by class, we need to make assumptions about these in Table 5 .2. The table shows how different combinations of average load factors in first and business class, with the known overall regional load factor applied in step 2, affect the overall footprint. For obvious reasons, the highest impact depends heavily on average load factors in premium classes; both business class (due to the large share of flights in this class), and first class (due to the high footprint per mile on that class). For a business class load factor of 0.6 and a first class load factor of 0.4 (which are reasonable conjectures based on past experience, as noted in Section 4), the relevant figure from Table 5 .2 is about 185,000 metric tons. If both load factors are 0.6, the figure is about 165,000 metric tons. Our calculations for the overall footprint for CY-09, in Table 5 .2, are seen to vary from a low of about 137,000 metric tons to a high of about 262,000 metric tons of CO 2 . It should however additionally be stressed that these calculations are not corrected for any impact of passenger weight on the footprint, which could be the case as discussed in Section 3 above.
These calculations can be compared to numbers found using the Bank Group's current internationally recognized methodology, which gives a total carbon footprint of about 98,000 metric tons for HQ-based air travel for CY-09. The numbers in Table 5 .2 should be treated with some caution, for several reasons among which we here mention four. 27 (a) Class-specific load factors are not observed, and must be estimated or guessed. (b) The characteristics of the trips distribution among classes are assumed to be the same for CO-booked flights in 2009 (for which we do not have such data) as in 2012 (for which we have data), which may be incorrect. Note that for 2009 we observe the HQ-based travel class distribution, but not the CO-based distribution. (c) We do not observe and thus do not account for on-the-spot upgrades to higher travel classes (economy to business, and business to first). Separate data made available to us show that automatic upgrades on preferred carriers at HQ in CY-09 were likely to increase the carbon footprint for such travel by another approximately 5 percent. Such an addition would bring the total footprint due to HQ-based travel in CY-09 to about 174,000 tons, when still assuming 60% load factors for both business and first class. (d) We take no account of the passenger weight factor in calculating relative class-specific footprints. This factor would, according to our calculations in Section 3, reduce the relative footprint of premium classes somewhat, and increase that for economy class. If passenger weight constitutes 1/8 of total aircraft weight (a reasonable assessment in our view), this factor eliminates roughly 1/8 of the difference in footprints caused by space-related concerns; as seen from Table 3 .1. In Section 3 and elsewhere we however also argue that these correction factors might be less significant, as certain weight components (luggage and seat weight) are likely to be higher in premium classes than in economy class. We thus argue that it is unclear how large the downward correction factor of the footprint of premium-class passengers ought to be, on the basis of such arguments. We have correspondingly chosen to ignore this factor here and in the following.
Final Comments and Discussion
In this paper we have derived carbon footprint measures for different classes of air travel, based on assessments of travel-class-related footprints. We also have shown how these footprint calculations are dual to the optimal pricing carbon emissions from aviation when airlines endogenously determine the relative allocation of economy and premium class seats to maximize profits. We illustrate the approach with calculations of footprints for WB staff travel for headquarters (HQ)-booked travel in calendar year 2009.
In Appendix 1 and Appendix 2, we also provide additional, indicative (but less definite) calculations of the overall carbon footprint from both HQ-based and CO-based mission air travel, for both calendar year 2009 and fiscal year 2012. These calculations indicate that there has been a drop in the overall footprint of WBG staff air travel over that period, by about 13.5 percent. Most of this drop seems to be due to two factors: 1) a virtual elimination of first-class travel from 2009 to 2012; and 2) a higher share of CO-booked travel in 2012 than in 2009, and where the (more carbon intensive) premium travel classes are used relatively less frequently by CO-based staff. Our preliminary, albeit less conclusive, calculations for these two periods indicate that the overall share of travel booked on premium classes fell over the period, from about 69% to about 66% of overall WBG air travel.
Air travel is a so-called "scope 3" activity that need not strictly be included when calculating the carbon footprint of an institution such as the WBG, when using the internationally accepted GHG Protocol. 28 Several international organizations, including both the WBG and the IMF, still however do so. Air travel comprises a very large share of the overall GHG emissions for such institutions, so any attempt to offset emissions would be of limited consequence without consideration of this emissions category.
While standard accepted methods for calculations of air travel carbon footprints assume a given footprint due to given trip length regardless of travel class, our calculations indicate a footprint per mile for premium (business and first) classes substantially greater than for economy class. The main reason is that aircrafts' fuel consumption to only a small degree depends on the number (or weight) of passengers; and that an average premium-class passenger takes up a larger than average space in an aircraft, reducing the number of passengers that can be transported on a given flight. This is a relevant consideration since, we argue, aircrafts' class-specific cabin sizes are not exogenous but instead reflect airline decisions to maximize profits (where premium-class passengers pay more, a major reason for which is to have more available space provided in the aircraft). The footprint is increased the most for first class, where seats are most dispersed and average load factors tend to be lower than in business class. Such factors turn out to make a great difference for the overall footprint calculations for institution in which a very large fraction (70-80%) of staff air travel takes place in premium classes.
The ICAO calculator (used for individuals to calculate their footprints) includes one refinement of standard procedure, by using a factor of 2 for the footprint of premium (business and first) classes relative to economy class. We have gone a step further in this direction by attempting to calculate this factor more precisely than has been done previously in the literature. But more can be done to make such calculations even more precise. One such factor is more precise (flightspecific) information. In addition, the climate forcing issue (where we have assumed only a basic, unit, forcing factor) could by in principle imply a higher footprint from air travel more generally (we do not in our calculations adjust for additional forcing factors).
This leads in turn to issues related to offsetting that are potentially important but beyond the scope of this paper. As with other international institutions, the World Bank Group (WBG) is concerned with the GHG emission impacts of its overall institutional activity. 29 A correct measurement of aviation-related emissions is essential for keeping track of the institution's total contribution to global GHG emissions.
The WBG has an expressed policy to be at the forefront in areas of environmental sustainability, which includes a proper carbon footprint measurement, and the ability to correctly offset these emissions. 30 While most similar institutions today accept the principle of offsetting of GHG emissions from staff air travel, no major institution, including the WBG, has to date any offset program based on calculations developed in this report. Indeed, our approach is radical in the sense that it in some respects extends well beyond currently accepted standards for measuring carbon footprints of air travel, by making them more precise. The WBG could, by its approach to measuring its own footprint, lead the way in establishing more accurate such measures.
Aside from how much to offset -an issue with philosophical and political as well as economic and environmental dimensions -a second consideration is how to offset. A relevant current issue in this regard is that the European Union, from 2012 on, has embedded all flight activity within and to and from the EU countries in the EU-ETS, which requires all airlines to hold quotas to cover the respective assessed emissions. Appropriately embedding the WBG's flight activity to and from the EU area in the EU-ETS would be one way for the WBG to mitigate its air travel emissions, as distinct from only purchasing offsets for this activity. The ultimate status of this EU initiative is currently uncertain, however, and we are currently awaiting initiatives from ICAO, concerning a possible common agreement for how to handle emissions from this sector.
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Appendix 1: Carbon Footprint Calculations for WBG Air Travel for Fiscal Year 2012 (FY-12) 32
We have had available about 90 percent of the total data for the air travel activity for the entire WBG, both for headquarters and for field offices, for the period March 2011 -February 2012. This data set contains a total of 322,331 trips covering about 642 million miles, of which roughly 57% were trips ticketed by Amex at headquarters. 33 The actual, total traveled distance by the entire WBG in FY-12 (July 2011-June 2012) was 677 million miles, or about 3.2 percent lower than the 699 million miles flown in CY09. Here, all calculations are made on the (slightly more limited) data set available to us. When making the carbon footprint calculations for FY-12, in Section 5.4, our calculated data are scaled up with an expansion multiplier of 1.055 (the relative increase necessary to represent the entire FY-12 flight activity).
The breakdown of FY-12 travel by class can be found in Table A1 .1 below. For FY-12 there is very little known first class travel, in contrast to CY-09 where such travel comprised almost 8 percent of all HQ-booked trips by WBG staff. This is due to a changed and standardized policy whereby first-class travel is authorized only in extremely few cases. "Economy" and "economy plus" trips are combined under the single category "Coach". We have no information about the "unknown" class category, and simply assume that its class-specific distribution is the same as for the "unknown" category.
In 2012 only 0.1% of miles traveled by WBG staff were, officially, on first class (assuming again that first class does not appear more frequently in the "unknown" category). 34 This almost disappearance of first class as a separate flight class category for WBG staff is treated by us, for practical purposes, by simply calculating the footprint with one common load factor for both business and first class. The mistake made when doing this will be very small, on the order of less than 1 percent of the overall footprint.
In Table A1 .1, the "unknown" category implies that we cannot be certain about the overall distribution of travel by class. We however find no reason to assume that the distribution of the "unknown" category is different from that for known categories. On this premise, 48.4% of miles on CO-booked travel, 79% on HQ-booked travel, and 66.1% of total miles traveled were in business class, so that the complements (51.6%, 21% and 33.9%) were in coach class (ignoring as noted first-class travel which constituted only about 0.1% of total travel). For HQ-based travel in CY-09, in Table 5 .1, comparing to numbers in Table A1 .1 we find a slight reduction in the fraction of business class in 2012 (79%), as compared to the aggregate of business and first 32 In WBG terms, this fiscal year starts July 1, 2011, and ends June 30, 2012. 33 In addition there are approximately 60 million traveled miles, where we do not have this detailed breakdown. We will in the following simply assume that these "unknown" miles have the same relative distribution, by traveled length, class and by HQ-and CO-base, as those accounted for. 34 Note however that we only have information about booked travel, and not actual flight activity. In practice there may be some on-the-spot upgrading both from coach class to business class, and from business class to first class. To the extent that this takes place, this factor will also bias our figures downward relative to their true values.
classes in 2009 (80.5%). The share to premium class trips in FY12 is far lower for CO-based travel; reasonably, a similar relationship existed also for CY09. As the FY-12 data include neither flight number, airline, nor equipment flown, we simply assume the same basic flight distribution for FY12 as for CY09. Table A1 .1 provides these distributions for the flights for which we have data (and, note, these data need to be scaled up by a factor of 1.055 to reach the correct overall total activity in FY12). Table A1 .2 provides calculations for the overall footprint of WBG air travel for FY-12, based on numbers in Table A1 .1 scaled up with an expansion factor of 1.055 (to correct for the slightly greater flight volume in FY-12 compared to our sample period). The calculations are done for alternative assumptions about average load factors in premium classes for the flown aircraft (as these are particularly uncertain since they are not provided by airlines). Throughout we assume that the average load factor for coach class is 0.8, in accordance with reported industry averages.
Carbon Footprint Calculations for FY12
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The main purpose of the table is to span out the range of possible "carbon footprints" as premium-class load factors change. While not fully known, it is highly likely that the average load factor for business class (the relevant category in FY12) is no higher than 0.7, and no lower than 0.5. A reasonable compromise, used in the continuation, is to assume a load factor of 0.6 for business class. In this case the combined carbon footprint of air travel in FY12 would be about 195 million tons CO2. Source: Authors' calculations. Table A2 .1 provides an assessment of the overall footprints for both CY-09 and FY-12 using this numerical example. Using these assumptions, we find a substantial drop the overall footprint due to HQ-based air travel from CY-09 to FY-12, by 24.4%. There are two main factors behind this drop. First, there was a drop of more than 14% in distance traveled on trips booked at headquarters. Secondly, travel on first class, which constituted about 7 percent of overall travel in CY-09, was virtually eliminated by FY-12. Since first-class air travel is far more emissions intensive than business class travel (in particular for wide-body aircraft where premium class travel is most prevalent; see Table 4 .6), this factor explains, roughly, the remaining about 11 percentage points in this drop.
For CO-booked flights we have, as mentioned, assumed the same class distribution in CY-09 as that observed for FY-12. The 16.4 percent increase of CO-based travel footprint is then in its entirety based on an increase in flight distance (from 252 million miles in CY-09, to 293 million miles in FY-12). Note also that for CY-09, CO-booked travel made up 26.5 % of the overall footprint, while it for FY-12 made up 35.7 % of the total footprint.
36
This implies a shift of the overall travel activity of the WBG, from HQ-based travel to more CObased travel. The reduction in HQ-based travel has however been slightly greater than the increase in CO-based travel; and thus a slight a reduction in the entire WBG travel activity. This shift has also resulted in an overall drop in the ratio of premium-class travel, due to the lower frequency of such travel booking for CO-based travel, from about 69% to about 66%; see Table  A2 .2 below. The shares of the overall footprint represented by CO-based travel (26 percent in CY-09, and 36 percent in FY-12), are lower than the respective shares of traveled miles (34 and 43 percent) in the same periods. Table A2 .2 provides an assessment of the shifts in overall travel class use by WBG staff in CY-09 and FY-12, for CO-based and HQ-based travel as well as combined travel, given these particular assumptions (notably, that the travel class frequency for CO-based travel was the same in CY-09, for which we do not have these data, as for FY-12, for which we have such data. In this case, the use of premium-class traveling has been reduced for WBG staff over this period, in part because the frequency of premium-class use in HQ-based travel has been reduced slightly, from 80,5% to 78.9%, but more because a larger share of overall travel was CO-based in FY-12, and such travel is, generally, less intensive in the use of premium classes. Overall, by our assessment the use of premium class in the overall WBG travel budget was reduced by about 3 percentage points over the period, from about 69% to about 66%. Even more important for the footprint, first-class travel, which in CY-09 comprised 6.9% of HQ-based travel (and an estimated 4.4% of overall travel), 37 had been virtually eliminated by FY-12. We may now compare our footprint calculations to the Bank's own official calculation. The number for the latter was 128,000 tons CO2 for FY-12.
38 Consequently, our "chosen" number is 52% higher; or alternatively the Bank's number is 36% lower than ours. This discrepancy is in its entirety due to our higher footprint calculation per business class traveler.
Note a few additional caveats. First, we know only classes booked and not classes flown. What matters for the footprint is not booked but rather the flown travel class. To the extent that staff enjoy on-the-spot class upgrades (not reflected in bookings), actually flown class is on average higher than booked class. This leads us to underestimate the footprint. Secondly, our numbers do not reflect possible improvements in fuel economy of air carriers over this period. Such improvements would, in case, lead to further footprint reductions, relative to Table 5 .3. This implies that we are overestimating the true footprint for 2012. It is difficult for us to know the net effect of these opposing factors. Finally, we did not know the class distribution of CO-booked flights in CY-09 (which was assumed to be the same as for HQ-booked flights). The FY-09 footprint may then have been over-estimated by placing too many flights in premium classes. If so, the drop in the footprint from CY-09 to FY-12 would have been greater than that registered in table 11, due also to this factor. figure A3 .1, the two curves provide this range when the first-class load factor take extreme values of 0.3, and 0.9, respectively. In figure A3 .2, it is business-class travel that take these alternative values, for the two curves drawn. In this way, we see that the range of possible carbon footprint values is from about 120,000 tons CO2, to about 300,000 tons. In both cases, the minimum possible number (clearly an under-estimate) is more than 20% higher than the official footprint number for CY09, which was about 98,000 tons CO2. The chart points out in both datasets that at first, as distances increase, the consumption per mile and resultant footprint goes down. As the distances increase, the consumption then increases again, because of the weight of the additional fuel to be used for the longer trip. A significant increase is seen between distance classes 7 (1,501 nm to 2,000 nm) and 8 (2001 nm to 2,500 nm), and 8 and 9 (2,501 nm to 3,000 nm). Between CY2009 and FY2012 a reduction of average distance per flight has occurred, making the average distance go from class 9 to class 8, reducing the per mile fuel burn.
In figure 3 .3, the line representing fuel burn assumes an even distribution of fuel consumption among all seats, occupied or not, regardless of size. The average footprint per passenger mile however also reflects the distribution by class, combined with load factors (here, 60% for first and business class, with the remainder determined by regional load factors and passenger to freight distributions). The line representing the footprint would look identical to the per seat consumption if it were based just on the number of seats, with the values represented by the line being simply a multiple of the fuel burn. Figure A3 .4 shows an analogous chart for FY-12, to figures A3.1-A3.2 above. We here need just one figure (as we have dropped first class as a separate category due to very few flights in this class). Depending on average load factors in premium classes, the combined carbon footprint from all air travel in that year is shown to vary from about 85,000 tons CO2 (for average load factors of 0.9; clearly an overestimate); and up to about 220,000 tons CO2 (for average load factors of 0.3; clearly an underestimate). Table A3 .6 below shows the distribution of footprints as calculated by distance class for HQbooked trips in CY-09 and FY-12, for the sample of trips in our data set. The most interesting issue here is the substantial change in the distribution of flight activity over this period, with fewer flights in distance classes 10-11 (in the range 3,450 -4,600 miles), and more flights in particular in class 16 (the longest flights, above 6,900 miles).
Future improvements in calculations of the carbon footprint load of WGB air travel can be made on several fronts, including the following. (a) Match the American Express data set with the purchased scheduling data published by companies such as Diio or OAL to find the equipment The following five considerations would facilitate such future work:
1. If the American Express data set were to include both the distance between the points traveled, and the IATA equipment code, the entire global scheduling data set would unnecessary, thus simplifying the data preparation work.
